Neural stem cells in the mammalian brain persist and are functional well into adulthood. There is, however, little insight into mechanisms that control adult neural stem cell survival. Mice deficient in the proapoptotic molecule Bax exhibit increased numbers of multipotent progenitor cells in the adult subventricular zone. In vitro, these progenitors behave as neural stem cells and utilize Bax and caspase activation to direct cell death. We demonstrate that the predominate mechanism underlying caspase and Bax-mediated adult neural stem cell death lies in the modulation of calcium flux through interaction with the IP3 receptor.
Introduction
Adult neurogenesis in the central nervous system (CNS) was first recognized more than three decades ago and much is now known about how adult neural stem cells contribute to the olfactory system and parts of the hippocampus.
1,2 The mitotically active precursor population in the adult brain is a heterogeneous population of cells that include stem cells as defined by their ability to self-renew and undergo multilineage differentiation. [3] [4] [5] [6] In their natural state, these cells divide in the lateral ventricle and subgranular zone of the hippocampus and most eventually undergo apoptosis. 7 The mechanisms underlying adult neural stem cell apoptosis remain largely unknown despite the fact that the tremendous interest in adult neural stem cell biology is based partly upon their therapeutic potential in brain-injured states. [8] [9] [10] [11] [12] [13] The Bcl-2 family of proteins includes molecules that can promote or repress programmed cell death. 14 Bax is a proapoptotic member of this family, and mice deficient in Bax and its related family member Bak have increased numbers of periventricular neural precursor cells, suggesting that Bax and Bak may influence the number of neural stem cells in the brains of adult mice. 15, 16 Bax and Bak initiate programmed cell death by facilitating the release of mitochondrial cytochrome c and activation of the initiator caspase 9 as well as cleavage and activation of the effector caspase 3. 17, 18 Recent data demonstrate that in addition to its direct actions on mitochondria, Bax and Bak also regulate calcium efflux from the endoplasmic reticulum (ER), thus influencing calcium-mediated apoptosis. 19 The inherent heterogeneity of the adult CNS neural precursor population complicates their in vivo and in vitro study. Here, we investigate the mechanisms behind adult neural stem cell survival in Bax-deficient mice. We demonstrate that Bax deficiency results in an enhanced population of neural precursor cells in the subventricular zone of the lateral ventricles in adult mice. In vitro, these precursor cells retain the properties of adult neural stem cells but are resistant to programmed cell death. These survival-promoting effects permit identification of roles for Bax at the mitochondria and at the ER.
Precursors in the Bax-deficient subventricular zone demonstrate abnormal proliferation and migration
Cells born in the subventricular zone typically migrate along the rostral migratory stream to the olfactory bulb where they differentiate into granular and periglomerular neurons. 23, 24 Since there are increased SVZ precursors in the adult Baxdeficient brain, we performed BrdU and Caspase-3 assays to determine whether this increase in vivo was due to enhanced proliferation or decreased death. Figure 2 demonstrates that it is not just the subventricular zone that is increased in Bax deficiency, but the entire rostral migratory stream is thickened (Figure 2a, d ). Animals given BrdU and then examined 1 day later show many BrdU þ cells in the WT SVZ, but very few in the Bax-deficient SVZ (not shown). In animals given daily BrdU injections for 7 days and then analyzed 3 weeks later, there are few BrdU þ cells in the WT subventricular zone (876 cells/mm 2 ), but many in the granular layer of the olfactory bulb (5077 cells/mm 2 ) (Figure 2b, c) . In the Baxdeficient brain, the opposite occurs whereby the thickened SVZ shows many BrdU þ cells adjacent to the lateral ventricle (46713 cells/mm 2 ), but few have migrated to the olfactory bulb (1272 cells/mm 2 ) (Figure 2e , f). Thus, cells from the Bax-deficient SVZ still actively divide albeit more slowly than in the WT state and few ultimately make it to the olfactory bulb.
To assess whether cells in the olfactory bulb are undergoing cell death, we performed assays for activated caspase-3. We did not observe caspase-3 activation in either the WT or Baxdeficient SVZ (not shown). In the Bax-deficient granular layer of the olfactory bulb, there is no evidence of cleaved caspase-3 activity as assessed by immunostaining and Western analysis (Figure 2g, i) . This is in contrast to the WT state where there is clear caspase-3-mediated cell death occurring in the granular layer of the olfactory bulb (Figure 2h, i ). It appears that because cells in the olfactory bulb are not dying and therefore in need of replacement in Bax-deficient animals, there is less proliferation and some degree of migratory arrest that occurs in the subventricular zone and rostral migratory stream when compared to the WT state.
Subventricular zone stem cells from adult Baxdeficient mice are more abundant in primary culture Stem cells are capable of self-renewal and multilineage differentiation. Accordingly, to assay effects on stem cells, we monitored multilineage neurospheres derived from primary single cells and secondary neurosphere cultures derived from disaggregated primary neurospheres. We refer to other mixed-lineage cells as neural precursors. The behavior of neural stem cells using the neurosphere technique in culture is well characterized. 25, 26 We observed an approximate fivefold increase in the total number of SVZ-derived primary neurospheres in preparations from adult Bax-deficient mice when compared to wild-type (WT) littermates (not shown). Furthermore, neurospheres derived from Bax-deficient mice were significantly larger than WT counterparts (Figure 3a, b) . This increase in neurosphere number and size could reflect an increased number of primary stem cells and/or a growth advantage in culture. To examine this, we replated cells from WT and Bax-deficient secondary neurospheres. In total, 10 neurospheres from each culture were dissociated and individual cells were replated at equivalent cell concentrations. The replated cells were monitored for neurosphere number and maximal density (see Methods). The results indicate that secondary Bax-deficient neurospheres achieved Figure 1 Nissl and immunostained sections depicting the lateral ventricle in wild type (WT) and BaxÀ/À adult mice. In WT animals, there are no dense collections of small blue cells in the subventricular zone of the lateral ventricle as seen in the BaxÀ/À mice (a, d arrows). Higher magnification of similar sections depicting the areas outlined by the black boxes demonstrate that these cells express the undifferentiated neural stem cell marker nestin (b, e), and a subset also express the committed neuronal precursor TUJ-1 (c, f). Messenger RNA was isolated from the SVZ of WT and BaxÀ/À animals and quantitatively assayed using real time RT-PCR. Panel g demonstrates that nestin mRNA is amplified with fewer cycles in BaxÀ/À animals using real-time PCR with nestin specific primers. BaxÀ/À animals were crossed to GFP-expressing transgenic animals and the dissected SVZ was analyzed using Fluorescent Activated Cell Sorting (FACS). Panel h demonstrates that the Bax-deficient SVZ has increased numbers of GFP-expressing progenitors when compared to WT littermate controls (four animals each group). Error bars are S.E.M. and *Po0.05. Scale bars are 500 mM (a) and 50 mM (b, c) maximal density early compared to WT controls (Figure 3c, d) . Thus, both in vivo and in vitro, there are more stem/progenitor cells present in Bax-deficient animals.
Upon plating with serum, dissociated neurospheres from both WT and Bax-deficient mice express markers indicative of neurons, astrocytes and oligodendrocytes in the absence of basic fibroblast growth factor (bFGF). Subsets express either the neuronal marker b-tubulin III and have long projections, acquire an astrocytic morphology along with expression of GFAP, or express the oligodendrocyte-specific marker RIP (Figure 3e-j) . Thus, although increased in number, cultured adult neural stem cells from Bax knockout mice retain the ability to differentiate into neurons and glia.
The overabundance of cultured stem cells observed in Bax knockout adult animals could be due to increased proliferation and/or decreased programmed cell death. We examined neurospheres from WT and control mice for evidence of apoptosis using whole mount immunostaining against activated caspase-3 ( Figure 4 ). This analysis demonstrated active apoptosis within the core of WT neurospheres that was greatly reduced in the Bax-deficient counterparts ( Figure  4a-h) .
To confirm the attenuation of apoptosis in Bax-deficient stem cells and to obtain quantifiable data, we performed additional assays in dissociated cultures. Primary neurospheres were disaggregated and their constituent cells were allowed to attach and grow on plastic dishes in the absence of bFGF. At 5 days following neurosphere dissociation, cells were assayed for cleaved caspase-3 activity and 75% of the WT cells expressed cleaved caspase-3 compared to 25% of Bax-deficient cells (Figure 4i-o) . We also observed a threefold increase in the number of viable cells in cultures from Bax-deficient mice compared to WT controls 5 days following dissociation (Figure 4p ). Western analysis on Figure 2 BrdU and cleaved caspase-3 activity in the adult subventricular zone and olfactory bulb. DAPI staining reveals a thickened rostral migratory stream (RMS) in BaxÀ/À mice when compared to wild type (WT) (a, d, arrows). BrdU given 4 weeks prior to killing shows no labeled cells in the WT RMS but many in the WT olfactory bulb (OB) (b, c). In BaxÀ/À animals, most BrdU labeled cells are confined to the proximal RMS adjacent to the lateral ventricle (LV) and there are few in the OB (e, f). Whereas procaspase-3 (ProC-3) expression is seen in WT and BaxÀ/À olfactory bulb (i), cleaved caspase-3 (ClC-3) expression is not apparent by immunohistochemistry or Western analysis in the Bax-deficient granular layer (GL) of the OB (g, i) but is readily apparent in the WT olfactory bulb (h, i). BrdU sections are representative samples from six WT and six BaxÀ/À animals (b, c, e, f) as are cleaved caspase-3 immunohistochemistry (g, h) and Western analysis (i). Scale bars are 1 mm (a), 100 mM (b), 200 mM (c), and 50 mM (g) neurosphere-derived cells confirmed reduced cleaved caspase-3 expression in Bax-deficent cells compared to WT controls (Figure 4q ). These data demonstrate that in primary culture, neural progenitors from the Bax knockout mice are more resistant to apoptosis than are WT neural stem cells. In addition, the data are consistent with the model that downregulation of the active form of caspase-3 could account for the phenotype.
We also examined whether Bax-deficient stem cells have increased proliferative properties in vitro. Recent work suggests that in the presence of bFGF, approximately 97% of cultured neural stem cells are BrdU positive. 27 We observe that under similar conditions but with fewer passage numbers, 480% of both WT and Bax-deficent cells are BrdU positive, and therefore are actively proliferating and there is no difference between WT and Bax deficiency (data not shown).
Caspase-specific inhibitors mimic Bax deficiency
To examine whether caspase-3 activity mimics the Bax deficient state in neural precursors, we determined the Figure 3 Neurospheres derived from the SVZ of adult wild type (WT) and BaxÀ/À mice appear larger and more abundant in Bax-deficient adults when initially plated at identical densities (a, b). When plated from passaged clonal colonies, neurospheres from Bax-deficient animals are passaged sooner (c) and with an almost three-fold increase in cell number (d). Panels e-j show differentiated stem cells in adult WT and Bax-deficient mice. At 10 days following neurosphere dissociation and addition of serum, both groups show differentiated neuronal morphology in cells expressing b-tubulin III (e, h), astrocytic morphology in those expressing GFAP (f, i), and oligodendrocytic morphology in cells expressing RIP (g, j). N ¼ 3 wild type and three Bax deficient animals. Error bars are S.E.M. and *Po0.05. Scale bars are 200 mM (a) and 50 mM (e) effects of known caspase inhibitors on cultured adult neural stem cells from WT and Bax-deficient mice. ZVAD. fmk is a nonselective cell permeable inhibitor of caspase-1-and -3-like proteases. It has no effect on the initiation of apoptosis, but acts to arrest the apoptotic program before completion. 28 DEVD is a nonspecific inhibitor of caspases 1, 3, and 7, and Ac-IETD-CHO is a procaspase-3 inhibitor that prevents the cleavage of the 32 kDa caspase precursor into p12 and p20 subunits, blocking the formation of active caspase-3. 29 All three of these caspase inhibitors showed a capacity to protect WT cells in a manner comparable to that of genetic Bax deficiency ( Figure 5 ). Though Bax is known to mediate cell death through activation of caspase-3 in other cell types, it was unclear why the Bax deficient neuronal cell phenotype appeared more restricted to adult progenitors. Since regulators of calcium are known to mediate cell death in a Bax-dependent manner in other cell types, we next sought to determine if similar alterations in calcium might direct death in neural stem cells via caspase-3 activation. 19, 30, 31 Bax deficiency attenuates calcium release in neural stem cells Recent studies demonstrate that Bcl-2 family members including Bax regulate calcium release from the ER. 19, 31, 32 We therefore tested whether Bax deficiency or overexpression alters the release of calcium in cultured adult neural stem cells. Thapsigargin (TG) is an inhibitor of the sarco-endoplasmic reticular calcium ATPase (SERCA) and causes the passive release of calcium from the ER and a subsequent increase in cytosolic calcium. By assaying for dye Fura-2 fluorescence, we found that the TG-induced increase in calcium in Bax-deficient adult neural stem cells was reduced compared to WT cells though the time course of calcium release was similar (Figure 6a ). We obtained similar results with histamine that causes an inositol 1,4,5-triphosphate receptor (IP3R)-mediated release of calcium from ER stores (Figure 6b ). The opposite occurred with Bax overexpression, whereby both TG and histamine-mediated calcium release was augmented when compared to WT controls (Figure 6d , e).
Figure 4
Neurospheres immunostained for nestin and caspase-3 activity. DAPI staining reveals that wild-type (WT) neurospheres show decreased size and decreased cellularity when compared to BaxÀ/À derived neurospheres (a, e). Neurospheres from the WT and BaxÀ/À SVZ show uniform nestin expression (b, f) but only WT neurospheres show significant expression of cleaved caspase-3 (ClC-3) (c, g). Merged images (d, h) highlight that the BaxÀ/À neurospheres are more robust and are undergoing less apparent caspase-3 mediated cell death. Caspase-3 activity in neurospheres derived from adult WT and BaxÀ/À SVZ 5 days after dissociation and plating (i-n). Cleaved caspase-3 is more abundant in WT stem cells (i-k) than in BaxÀ/À cells (l-n). Quantitative counts of cells showing cleaved caspase-3 expression show a three-fold increase for WT in the percentage of cells with caspase-3 activation (o) and more than a three-fold diminution of total cells in WT animals (p). Error bars represent S.E.M. **Po0.01, ***Po0.001. Western analysis of protein extracts from WT and Bax-deficient neurospheres demonstrate decreased expression of activated caspase-3 in the Bax-deficient state (q). Scale bars are 100 mM (a) and 50 mM (i) Interestingly, whereas TG and histamine-exposed Baxdeficient neurospheres show nearly identical patterns of calcium release, exposed WT neurospheres do not. The cytoplasmic release of calcium in response to histamine showed a 50% greater peak of 60 nM in TG treated neurospheres and 90 nM following histamine treatment (Figure 6c ). Calcium remained elevated in the cytoplasm for 3 min in the TG-treated neurospheres versus 5 min following histamine treatment (Figure 6a, b) . Similarly, in Bax-overexpressing cells, only histamine exposure showed an increase in cytosolic calcium (Figure 6d-f) . Thus, Bax-deficient neurospheres show attenuation of both TG and histamine-mediated calcium release, but Bax deficiency had a greater effect on the histamine-mediated IP3 receptor pathway.
Since Bax-mediated ER calcium flux is primarily regulated by both SERCA and the IP3 receptor, we used synthetic small interfering synthetic RNAs to 'knockdown' the expression of each in cultured adult neural stem cells. Reverse transcriptase-PCR from RNA isolated from adult neural precursor cells showed that these synthetic molecules suppress the expression of both SERCA and the IP3 receptor following RNAi transfection (not shown). We then looked at protein expression by Western analysis and demonstrated that using a GFP control RNAi, there is no attenuation of IP3R or SERCA expression in transfected neurospheres (Figure 7a ). However, RNAi specific for the IP3R selectively decreases expression of IP3R whereas RNAi specific to SERCA selectively decreases its expression (Figure 7a ). Next, we checked whether SERCA and IP3 receptor inhibition attenuates the calcium response to TG and histamine. As shown in Figure 7b -d, inhibition of SERCA attenuated the calcium response to TG in cultured WT neurospheres whereas inhibition of the IP3 receptor attenuated the calcium response to histamine. Inhibiting SERCA had no effect on histaminemediated release of calcium and inhibiting the IP3 receptor similarly had no effect on TG-mediated calcium release (not shown).
Inhibition of the IP3 receptor mimics Bax deficiency
Though we determined that inhibition of both SERCA and the IP3 receptor attenuates calcium flux, it was unclear whether this calcium reduction affects caspase activation or cell survival. Figure 8 demonstrates that inhibition of SERCA caused a slight increase in the activation of caspase-3 in WT cultured adult neural stem cells. Inhibition of the IP3 receptor, like Bax deficiency, decreased the expression of caspase-3 (Figure 8a-c) . Similarly, whereas SERCA inhibition led to attenuated cell survival, inhibition of the IP3 receptor improved cell survival (Figure 8d ). These data demonstrate that IP3 receptor inhibition phenotypically mimics Bax deficiency by attenuating caspase-3 expression and activation, and improving adult neural precursor cell survival. Thus, whereas Bax is known to activate cell death both in an ER-dependent and ER-independent manner, we demonstrate that in adult neural stem cells the ER-dependent IP3 receptormediated mechanism is predominant.
Discussion
Naturally occurring programmed cell death in neural stem cells is fundamentally different than stress-induced apoptosis caused by cell-damaging agents such as UV irradiation or drug exposure. Current models suggest that apoptosis of neural stem cells may occur very soon after cell division leaving one daughter cell committed to cell death because of differential gene expression. [33] [34] [35] While the relative magnitude and precise role of apoptosis in the developing nervous system remain unclear, its importance during early stages of neural development is made apparent from the analysis of mutant mice deficient in components of cell death signaling pathways. In knockout mice for Apaf-1, caspase-9 and caspase-3, the timing of death and the selective enlargement of the ventricular zone suggest that their functions are essential for apoptosis during early development of the CNS. [36] [37] [38] [39] [40] Activation of caspase-3 leads to progenitor cell death, and blocking caspase-3 activation by pan-caspase Quantitative counts demonstrate that all three caspase inhibitors ZVAD, DEVD, and Ac-IETD-CHO protect WT stem cells from apoptosis though there is no effect on BaxÀ/À cells (e). Each bar represents the summation of 16 samples repeated three times each. Error bars represent S.E.M. *Po0.05. Scale bar is 100 mM (a) inhibitors prevents apoptosis, indicating that neural progenitors possess a caspase-dependent apoptotic pathway. 41 Here, we find that in cultured adult neural stem cells, Bax is a major determinant of apoptosis and acts through modification of IP3 receptor-mediated calcium flux via caspase-3 activation.
Our data indicating the effect of Bax deficiency on the ER and impairment of calcium release to the mitochondria are consistent with recent reports demonstrating the importance of Bax and Bak-regulated calcium release in fibroblasts and thymocytes. 19, 31 Calcium regulation in the ER of cells is an important determinant of cell survival. 42 SERCA-overexpressing cells increase calcium within the ER and thereby induce apoptosis. 43 Similarly, TG, an irreversible SERCA inhibitor, interferes with calcium chaperones and induces calcium uptake by the mitochondria and release from the ER, enhancing apoptosis. 44 Bcl-2 affects calcium handling by increasing the passive leak of the ion across the endoplasmic reticular membrane without changing the calcium uptake capacity of the SERCA pumps. 45 Whereas Bcl-2 induces a small and long-lasting drop in endoplasmic reticular calcium, TG produces a complete acute calcium depletion activating the capacitative calcium pathway, which conversely is downregulated in Bcl-2-transfected cells. 32 In addition to the calcium pathway chaperones such as SERCA, there are other membrane proteins on the ER such as the IP3 receptor that regulate calcium flux and may also sense calcium depletion. 42 SERCA and the IP3 receptor are candidate mediators of the proapoptotic effects of Bax and Bak by virtue of their roles in the regulation of cellular calcium via the ER. 19, 31, 46 While in our studies, Bax deficiency attenuated calcium release in response to TG or histamine, only inhibition of the IP3 receptor protected adult-derived neural precursor cells from cell death. This is consistent with recent data suggesting that Bax and Bak regulate the type I IP3R in mouse embryonic fibroblasts. 47 While inhibition of the IP3 receptor appears to only impede calcium release from the ER to the mitochondria, blocking SERCA increased cytoplasmic calcium concentrations, thus explaining why SERCA inhibition decreases cell survival. 42 Although Bax may act upon either calciumregulating protein, its effects on the IP3 receptor appear to dominate as our data suggest that Bax deficiency promotes adult neural stem cell survival by attenuating the transfer of calcium from the ER to the mitochondria. Owing to its effects on the IP3R, we have chosen to focus on the ER as the Figure 6 Bax-deficient neurospheres show attenuated Ca 2 þ release. Cytoplasmic Ca 2 þ is essentially undetectable at rest in both wild type (WT) and BaxÀ/À neurospheres (a, b). Addition of the SERCA inhibitor thapsigargin (TG) to WT neurospheres stimulates a cytoplasmic Ca 2 þ spike that diminishes to baseline within 3 min (a). In BaxÀ/À neurospheres, TG shows a similar time course of cytoplasmic Ca 2 þ as in the WT but an attenuation of the amount of Ca 2 þ released (a). Addition of the IP3 receptor agonist histamine (His) in WT neurospheres shows a greater cytoplasmic Ca 2 þ spike that diminishes to baseline within 5 min (b). Histamine-treated BaxÀ/À neurospheres show much less Ca 2 þ release into the cytoplasm than WT controls but a similar pattern to that induced by TG exposure (b). This greater difference in Ca 2 þ release in response to histamine exposure is quantified in panel c that plots the maximum Ca 2 þ peak in WT and Bax deficient cells following exposure to TG or His (c). Overexpression of Bax in WT neurospheres has no effect on TG-mediated Ca 2 þ release (d, f) whereas the Ca 2 þ peak is enhanced in His-exposed neurospheres (e, f). Error bars represent S.E.M. of the summation of six independent experiments for both TG and His for all experiments. ***Po0.001 and **Po0.01 primary site of the proapoptotic effects of Bax in neural stem and precursor cells. However, calcium regulation from the ER is difficult to separate from mitochondrial calcium regulation since the two are so closely approximated physically. 48 Since Bax also has clear and more extensively studied mitochondrial roles, it remains open to further investigation whether its effects on the IP3R may be secondary to functions localized to the mitochondria.
We demonstrate that in addition to its role in calcium homeostasis, Bax deficiency also attenuates caspase signaling. Caspase-3 cleavage is known to occur downstream of Bax and our data support the model that Bax-regulated calcium driven apoptosis occurs via mitochondrial release of cytochrome c. In adult neural stem cells, we observe both decreased caspase-3 activation as well as decreased procaspase-3 expression in the Bax-deficient state. Baxdeficient cancer cells also show decreased caspase-3 activation as well as decreased expression of procaspase-3. 49 By inhibiting the IP3 receptor, our data suggest that the decrease in procaspase-3 expression is regulated by calcium. Thus, the effects of Bax on calcium homeostasis may explain its involvement in discrete apoptotic pathways within cells derived from adult neural stem cells.
It still remains unclear how Bax interacts with the IP3 receptor to modulate calcium signaling to the mitochondria. IP3 receptor levels are not altered by Bax deficiency (not shown), so Bax does not appear to transcriptionally regulate IP3 receptor expression. Interestingly, recent data demonstrate that cytochrome c directly binds to the IP3 receptor to affect calcium-directed apoptosis. 50 Therefore, the attenuation of calcium flux in Bax deficiency that we observe may be secondary to its effect on early cytochrome c release. In addition, Bax may interact with the IP3R through its localization to mitochondria that then transmit calcium regulatory factors through the closely apposed ER and its IP3 receptors. It is also unclear whether what occurs in adult neurospheres will generalize to other cell systems although recent data suggest that it does. 47 It is interesting that this phenotype of increased adult neural precursors in Bax deficiency is not apparent in other cells within the brain and it suggests a unique role for Bax within adult-derived neural stem cells.
Materials and Methods
Generation of mice and in vivo cell counting were generated and genotyped according to previously published protocols. 51 Bax-deficient mice were crossed to nestin-GFP expressing transgenic mice and maintained as heterozygotes for the nestin-GFP transgene and genotyped also according to a previously published protocol. 22 BrdU was injected as previously described where six WT and six Bax-deficient mice were injected intraperitoneally with 50 mg/gm bodyweight daily for 7 days and then killed after 3 weeks. 12 For flow cytometry, the SVZ from four Bax-deficient/nestin-GFP and four littermate controls that only contained the nestin-GFP transgene were analyzed by digesting the SVZ tissue in DMEM with a mixture of 0.1% neural protease, 0.01% papain and 0.01% DNAse (all from Invitrogen) at 371C for 30 min. The cell admixture was then suspended in 0.5 M EDTA, 3% FBS and 200 U/ml DNAse I in PBS and the single-cell suspension was processed through an LSR flow cytometer (Pharmingen B-D). GFP cells were counted as a percentage of all cells processed. Histologic cell counts were performed on sagittal sections from each animal (every fifth section from three animals in each group) whereby two 100 Â 100 mM areas were counted for each section analyzed. Counts were performed on 16 mM cryostat sections and immunostained for anti-BrdU antibody (Pharmingen B-D) and counterstained with DAPI as previously reported. 12 
Primary cell culture
Neural precursor cells were isolated from the subventricular zone (SVZ) of adult mice. For the experiments listed, there were five mice in the Bax deficient group and six age-matched littermates in the WT group. The lateral ventricular area was isolated by dissection and the tissue digested in DMEM with a mixture of 0.1% neural protease, 0.01% papain and 0.01% DNAse (all from Invitrogen) at 371C for 30 min. Two or three times during digestion, the tissues were gently disrupted through a 1 ml plastic pipette. They were then washed three times with PBS, mechanically dissociated and plated on polyornithine and laminin-coated plates in DMEM/F12 medium containing 10% FBS. The next day the media was replaced with DMEM/F12, N2 supplement, sodium pyruvate (1 mM), L-glutamine (2 mM) and Heparin (5 mg/ml) and bFGF (20 ng/ml) (Sigma). The cells were fed every other day with fresh media until formation of neurospheres in 7-10 days. The neurospheres were then transferred to a noncoated dish and passaged after another 7-10 days by mechanical dissociation. Stem cells passaged two or three times were used for quantitative assays shown in Figures 3-5 . For neurosphere quantification, at the time of second passage 10 individual neurospheres of equivalent size were taken from SVZ cultures of three WT and three BaxÀ/À mice. These neurospheres were gently dissociated and plated together in equal densities with approximately 2000 cells per plate (200 cells per neurosphere). The resultant neurospheres were then monitored for growth and cell counts were performed at the time of passage. Both cell, number and days to passage were recorded and statistics performed using a one-tailed Student's t-test. For differentiation, the neurospheres were dissociated into single cells and plated on polyornithine coated plates with the above media containing 1% FBS. For experiments involving calcium handling (Figures 6-8) , longer passaged neurospheres from clonal expansion were used at passages 8-10. Clonal cultures were established by dissociating secondary cultures into single-cell suspensions and replating them at low clonal densities (10 3 cells/ml). Single clusters of dividing cells were transferred to 96-well plates (1 clone/well) using glass pipettes. Cells were monitored for proliferation and reached their maximal proliferation at passages 6-8 and therefore cells from passages 8-10 were used for experiments. 
Cell counts and statistics
Equivalent cells (approximately 40 000) from five Bax knockout and six WT littermates were plated on 18 Â 18 mm coverslips for Caspase-3 staining and counting. Each animal's independent culture was plated on two coverslips. Sections were stained with DAPI and Caspase-3 as noted above. Five views were selected at random in the center of each coverslip and pictures of DAPI and Casapse-3 expressing cells were taken and counted by a blinded third party observer. Statistics were carried out using one and two-tailed Student's t-test, with significance determined as Po0.05.
Caspase assays
For caspase inhibition experiments, Z-Val-Ala-Asp.flourmethylketone (ZVAD.fmk) (Sigma) was prepared as a 10 mM stock solution in DMSO. Ac-DEVD-cho and Ac-IETD-cho (Sigma) were prepared as stock solutions in water and then added to media with water or DMSO only controls. For the assay, 4000 cells were plated onto 96-well plates, each containing 100 ml of 1% FBS in media as noted above. Each inhibitor was added at a concentration of 25 mM. After 72 h, 10 ml of stock (5 mg/ml in PBS) MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-dphenyltetrazoliume bromide) (Sigma) was added to the cultured cells. The reaction was stopped after 2 h at 371C by removal of media and the addition of 200 ml of acid-isopropanol (100 ml of 0.04 N HCl in isopropanol). The plates were left at room temperature for 15 min in the dark and the absorbance difference at 570-630 nm was measured using a microplate reader. Survival was calculated as (Experiment-Blank)/(Control-Blank) Â 100%, where the blank is medium þ MTT without cells and the control was 5% FBS þ medium for maximum cell survival. 52 Statistics were carried out using a two-tailed Student's t-test, with significance determined as Po0.05.
For the RNAi experiments, GFP, SERCA and IP 3 R RNAi were prepared as stock solutions in water and then added to neurosphere culture media without bFGF. Each RNA interference molecule was added at a concentration of 20 mM with 10 mg/ml Lipofectaminet 2000 and Lipofectaminet only was used as a control. After 10 h, 6000 cells were plated onto 96-well plates, each containing 100 ml of 1% FBS in media as noted above, then cells were again quantified using the MTT method.
Immunohistochemistry
Under ketamine/xylazine anesthesia, animals were perfused with 50 ml of PBS followed by 50 ml of 4% paraformaldehyde in PBS. Brains were dissected and postfixed in 4% parformaldehyde for 24-48 h. They were mounted in 3% agarose and then sagittal sections encompassing the entirety of both lateral ventricles were cut into 50 mm sections on a vibratome (Leica). Free-floating sections were stored in PBS until immunostaining was performed. Sections were mounted on plus slides (Anapath), allowed to air dry then washed with PBS. For nestin, cleaved caspase-3, and TUJ-1 immunostaining, sections were mounted and dried then washed in PBS as described above. Slides were permeablized with 0.3% Triton X-100 followed by PBS wash then blocked with 3% horse serum for 1 h and incubated overnight with mouse anti-Nestin 1 : 100 (Pharmingen B-D), Cleaved caspase-3 (Cell Signaling Technology Inc.), and mouse anti-TUJ-1 1 : 500 (Babco). Secondary antibody was again Cy3 goat anti-mouse as described above. Slides were coverslipped with immuno-mount (Shandon) and visualized with an Olympus BX-50 microscope. Images were obtained with a Photometrics CoolSnap fx CCD camera and analyzed using Metamorph software.
For primary neurosphere and neuronal cultures, we used the following primary antibodies and dilutions: GFAP (1 : 2000; rabbit; DAKO), cleavedCaspase-3 (1 : 100; rabbit; Cell Signaling Technology Inc.), TUJ-1 (1 : 500; mouse; Babco), RIP (1 : 50, University of Iowa Developmental Studies Hybridoma Bank) and DAPI (1 : 2000; 4 0 -6-Diamidino-2-phenylindole2HCl'). Secondary antibodies were all from Jackson Immunoresearch and used at concentrations of 1 : 200 and included Cy3 goat anti-mouse and anti-rabbit and Cy2 goat anti-rabbit. The stem cells were plated on coverslips with 1% FBS in DMEM/F12, N2 supplement, sodium pyruvate (1 mM), L-glutamine (2 mM) and heparin (5 mg/ml). The coverslips were coated with polyornithine and laminin (all culture reagents from Invitrogen). For BrdU staining, cells were incubated with 10 mg/ml BrdU (Sigma) for 40 h then the media was changed. We performed Caspase 3 þ DAPI and at 5 days, and TUJ-1 þ GFAP þ RIP þ DAPI at 10 days. Independently prepared, at least three samples of each culture condition were examined. Briefly, cells were fixed with 4% pfa in PBS for 30 min, rinsed three times with PBS, and treated as follows: cells were first preincubated with PBS containing 0.3% Triton X-100 (PBST) for 30 min, then incubated with PBST containing 10% preimmune goat or donkey serum for 1 h. The cells were then incubated with primary antibodies in PBST-DS or PBST-GS overnight at 41C. After three washes with PBST, the cells were incubated for 1 h with secondary antibodies. The cells were then washed three times with PBST. The coverslips were transferred onto glass slides bearing mounting media (Shandon) and visualized with an Olympus BX-50 microscope. Images were obtained with a Photometrics CoolSnap fx CCD camera and analyzed using Metamorph software.
For neurosphere immunostaining, at time of passage small neurospheres were transferred to 12-well plates and allowed to grow for 2 days. Sterile coverslips were then added to the bottom of each well and the cells were allowed to grow for another 7 days. At this time the media was replaced with 4% pfa for 30 min, then washed three times with PBS. Coverslips were removed from the plates and immunostaining was completed as outlined above. Images were obtained of intact neurospheres only.
Quantitative real-time PCR
RT-PCR was performed using first-strand cDNA synthesis system (Invitrogen, USA), according to the manufacturer's instructions. For each RT reaction, 2 mg of total RNA was used to synthesize the cDNA. PCR amplification was performed using 1 mg of cDNA, one unit of Taq DNA polymerase (Invitrogen), 10 nM of dNTP, and 5 pmol of the following primers in 25 ml total volume: SERCA-S (5
. Samples were subjected to 40 cycles of PCR amplification. In each cycle denaturing was at 951C for 1 min, annealing at 571C for 1 min, and extension at 721C for 1 min. In total, 20 ml aliquots of each PCR product were analyzed on ethidium bromide containing 1% agarose gels.
Quantitative Real time-PCR was performed using the Mx4000 Multipex Quantitative PCR System (Invitrogen). We used the same method to get cDNA from the SVZ total RNA of four Bax knockout mice and five WT mice. Real-time PCR amplification was performed using 1 mg of cDNA, SYBR green supermix, and 5 pmol of the following primers in 25 ml total volume: Nestin-S (5 0 -AAGAATCTTTTCAGATGTGGGAG C-3 0 ); Nestin-AS (5 0 -TCCAGCTCTTCGGCAAGGTTGTC-3 0 ) and GAPDH-S; GAPDH-AS same as above. Samples were subjected to 40 cycles of PCR amplification. In each cycle, denaturing was at 951C for 30 s, annealing at 571C for 1 s, and extension at 721C for 1 s. In total, 20 ml aliquots of each PCR product were analyzed on ethidium bromide containing 1% agarose gels. The plots listed were generated by manufacturer software (Invitrogen).
Western blot analysis
Mice were anesthetized and perfused with 20 ml ice-cold PBS. The brains were removed and the SVZs dissected on ice. Each sample was homogenized in lysis buffer containing 150 mM NaCl, 5 mM Tris-HCl, 0.1% SDS, 1 mM PMSF, and 1% NP40 adding one tablet (BMB) to 10 ml lysis buffer. Neural stem cells suspensions were prepared and lysed in lysis buffer. After homogenization, samples were incubated on ice for 15 min and centrifuged at 16 000 Â g at 41C for 20 min. The protein concentration of each lysate was determined by a BCA protein assay kit (PICRCE). In total, 40-100 mg protein samples were loaded on a 10% SDS-PAGE gel, electrophoresed, and transferred onto a Hybond-N membrane. The primary antibody against procasapase-3 (Cell Signaling Technology Inc.), cleaved caspase-3 (Cell Signaling Technology Inc.), SERCA (NOVUS), IP3R (gift of T Tan), or a-tubulin (Santa Cruz) was at a dilution of 1 : 400 overnight at 41C. Washed membranes were incubated in horseradish peroxidase-conjugated secondary anti-goat antibody for 1 h at room temperature and immunoblotted protein was detected using ECL (Amersham). Quantitative densitometry was performed using a Kodak image station 2000R with the ratio of procaspase-3 or cleaved caspase-3 to a-tubulin control and compared from three separate sets of neural stem cell cultures.
siRNA preparation and transfection
The HPLC purified siRNAs were chemically synthesized by Integrated DNA technologies (IDT). The accession numbers given below are from GenBank. The siRNA sequences targeting SERCA (Acc. No. NM_016745) corresponded to the coding regions 1096-1119. The siRNA of IP 3 R (Acc. No. NM_010585) was from position 8150-8170. For annealing of siRNA, the siRNA duplexes were incubated in annealing buffer (100 mM potassium acetate, 30 mM HEPES-KOH at pH 7.4, 2 mM magnesium acetate) for 3 min at 941C. For control RNAi transfection we used oligos specific for green fluorescent protein (GFP) (Dharmacon). 53 Adult neural stem cells were regularly passaged to maintain exponential growth. At 24 h prior to transfection, new media was added to the cells. The cells were trypsinized and transferred to six-well plates (5 Â 10 5 cells and 2 ml per well) with fresh media with 20 mM of the respective siRNA and 10 mg/ml of Lipofectaminet 2000, but without bFGF, antibiotics, or FBS. Controls were carried out with Lipofectaminet only and Lipofectaminet with GFP siRNA. After 72 h, cytosolic Ca þ 2 release was assessed or cells were lysed for Western blot.
Measurement of cytoplasmic calcium content
For calcium studies, stem cells passaged 8-10 times were used. The cytoplasmic Ca þ 2 was measured as the sudden increase in [Ca ] i was measured as the 340/380 nm excitation wavelength ratio at a 510 nm wavelength emission (340/380 ratio) in a luminescence spectrophotometer (model LS 50B; Perkin-Elmer). The intracellular calcium concentration was converted from the baseline 340/380 ratio before TG or histamine addition and the peak 340/380 ratio after TG or histamine addition using K d ¼ 225 nM for calcium. 54 
